Adenomyosis is a benign gynecological condition causing significant morbidity among women of reproductive age. The available treatments are currently limited in number and efficacy. While hysterectomy is curative, it is unacceptable to many women, particularly those wishing to conserve their fertility. Magnetic resonance-guided focused ultrasound surgery is a noninvasive treatment method that has been used to effectively treat uterine leiomyomata, but until recently has not been routinely used to treat adenomyosis. This review summarizes the current understanding of adenomyosis and high-intensity focused ultrasound, and the recent research into the safety and efficacy of this technique.
Introduction
Adenomyosis is a benign gynecological disorder predominantly affecting premenopausal women. It is defined as the ectopic presence of endometrial glands and stroma within the uterine myometrium, with resultant reactive smooth muscle hypertrophy. 1, 2 Several pathological patterns exist. In some cases, there may be minimal hypertrophy of the uterus with microscopically detectable small infiltrates, confirmed only following hysterectomy. Alternatively, there may be focal lesions that may clinically resemble leiomyomata (uterine fibroids); these macroscopically visible nodules are termed adenomyomata (focal adenomyosis). It can also present as an extensive diffuse infiltration of the myometrium, termed diffuse adenomyosis. 3 Although the etiology and pathophysiology of adenomyosis are not well understood, there are several hypotheses that have been suggested. 4 The presence of a more invasive endometrium has been exhibited; when grown on a plain collagen matrix, stromal cells from adenomyosis have shown greater invasiveness compared with normal stromal cells. 5 Differences have also been observed in smooth muscle cells from adenomyosis, where myocytes exhibit cellular hypertrophy. Moreover, it is also noted that local hyperestrogenism and steroid antagonist may induce adenomyosis. 6 A marked increase of microvessel density has also been reported, which may have a role in the initiation of angiogenesis in adenomyosis. 7 gynecology clinic found an overall prevalence of adenomyosis of 20.9%, with a peak prevalence of 32% in women aged 40-49 years old. The prevalence varied with ethnicity, ranging from 18% to 31%, with the highest prevalence in women of Asian origin, and lowest among those who identified themselves as mixed/other origin. It was noted that women with a past or current history of endometriosis were more likely to have adenomyosis, 9 and retrospective data found a prevalence of 21.8% in women undergoing surgery for endometriosis. 10 
Symptoms
Symptoms of adenomyosis may include periodic dysmenorrhea, menorrhagia, subfertility, and pelvic pressure effects such as urinary frequency. The overlap of these symptoms with other gynecological conditions such as endometriosis or leiomyomata, coupled with the difficulty in discriminating between focal adenomyosis and leiomyomata on routine US, can create diagnostic and management difficulties for the clinician. 3
Current treatment options
As a result of the often diffuse nature of adenomyosis, therapeutic options have traditionally been limited to medical management of the resulting symptoms, or definitive management by hysterectomy. As the mean age of women conceiving for the first time has increased, 11 many more women will find hysterectomy to be a less acceptable option. In addition, many women have strong negative feelings toward the idea of hysterectomy. Losing their uterus can cause significant psychosocial effects, 12, 13 in particular concerns regarding the association of a perceived loss of femininity. 14 The option of surgical excision may be considered for those who wish to preserve their uterus, but the procedure is more challenging than for myomectomy. 15 If there is a defined adenomyoma lesion (focal adenomyosis), surgical excision may be possible; however, in cases of diffuse adenomyosis, debulking surgery may leave significant adenomyosis remaining in the uterus. Unlike leiomyomata, due to the ill-defined boundaries between the endometrium and myometrium, complete removal of the adenomyoma may not be possible and recurrence is more likely. 16 Moreover, surgical removal can cause significant weakening of the myometrium, in particular a reduction in tensile strength, which can increase the risk of uterine rupture in a subsequent pregnancy. 16 Different uterine-sparing surgical techniques, such as complete excision of adenomyosis vs cytoreductive surgery or partial adenomyomectomy, have been found to improve outcomes of dysmenorrhea, menorrhagia, and pregnancy rates.
Currently, there is no strong evidence to suggest that any one technique is superior. Given that current data regarding surgical technique are suboptimal, more studies are needed. 17 When uterine-sparing surgery is performed on women with previous in vitro fertilization failures, with the aim of improving success in future treatment cycles, it is noted that a clear benefit is shown for women who are #39 years old. 18 Due to the estrogen-dependent nature of adenomyosis, symptoms can be successfully alleviated with hormonal treatments directed at disrupting the hypothalamic-pituitarygonadal axis. The most effective of these are progestagenreleasing intrauterine systems and gonadotropin-releasing hormone analogs. Combined oral contraceptives, oral progestins, danazol, and progesterone receptor modulators are also effective. 19 Hormonal medications may be associated with side effects of varying tolerability, and as the underlying mechanism is lesion suppression rather than destruction, symptom relief is usually restricted to the duration of treatment. [20] [21] [22] A particular difficulty of intrauterine devices is involuntary expulsion of the device, which is exacerbated by menorrhagia and an enlarged uterine cavity. However, successful symptom relief has been shown in over two-thirds of cases even in those with a uterine size .12 weeks, although over a third of cases experienced at least one expulsion. 23 Uterine artery embolization can be used as a minimally invasive method of adenomyotic tissue destruction, which may have a more permanent therapeutic effect, but this procedure holds specific risks and the impact on future fertility and pregnancy remains uncertain. 24 It can be seen, therefore, that there is currently no ideal treatment for adenomyosis, and new options are needed. Drawing on experience of treatment of leiomyomata, highintensity focused ultrasound (HIFU) has been explored as a potential new conservative treatment, and this review presents the recent advances in this field.
HIFU ablation
High-intensity ultrasound energy can be focused to a small point to produce a rise in tissue temperature sufficient to cause irreparable cell damage in the target at depth within the body. 25 Diagnostic medical US commonly uses US frequencies in the range 2-15 MHz; in magnetic resonanceguided focused ultrasound surgery (MRgFUS), frequencies of between 0.9 and 1.15 MHz are used. During diagnostic US, the temperature rise is negligible due to the US waves being distributed over a wide area, but if the waves meet at a single point, a localized high temperature at this focal point can be achieved. It is understood that coagulative necrosis is Research 
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MR-guided focused ultrasound for the treatment of adenomyosis achieved when tissue within a focal zone is heated to a threshold temperature of 55°C-85°C. 1 However, 70°C-80°C is an optimal target temperature to ensure real tissue necrosis. 1 While its potential to treat soft tissue tumors in the body was recognized in the middle of the 20th century, HIFU ablation has only recently become a widespread treatment modality. Previously, a lack of robust methods of monitoring and controlling in real time the thermal tissue damage, and its imprecision had led to markedly variable outcomes and to concerns over safety. 3 In the past 10 years, HIFU has been used to treat malignant solid tumors in the liver, breast, pancreas, and bone (osteosarcoma). [26] [27] [28] It has also been shown to be effective and safe for the treatment of leiomyomata. 29 HIFU ablation can be performed under MR guidance, MR-guided focused US surgery, or US guidance. MR guidance has excellent anatomic resolution, very high tumor sensitivity, and high thermal imaging sensitivity. With magnetic resonance imaging (MRI), adenomyosis can be detected using T2-weighted MRI; the lesion having a junctional zone thicker than 12 mm. 30, 31 Thus, together with the use of MRI for planning, guiding, and control of the therapy, HIFU ablation can be a safe treatment option. 3 In HIFU ablation of adenomyosis, both a direct and an indirect effect are proposed to contribute to the treatment outcome. The direct effect involves protein denaturation and irreversible cell death through coagulative necrosis in the adenomyotic tissue, resulting in atrophy. The indirect effect induces necrosis or embolism of nutrient vessels, which causes obstruction to the blood supply of the adenomyotic tissue, resulting in growth inhibition. 32 
Criteria for HiFU
At present, there are no gold standard treatment criteria for using HIFU ablation for adenomyosis. The typical selection criteria require a patient to be 18 years and above, in premenopausal status, and to have symptomatic adenomyosis with an endometrial-myometrial junctional zone thickness of more than 3 cm for diffuse adenomyosis or a lesion diameter of 3-10 cm for focal adenomyosis. 33 Consideration needs to be given to the position of the adenomyotic lesion to ensure that the procedure can be performed safely. It has been noted that adenomyosis in the posterior wall of the uterus can coexist with severe pelvic endometriosis, with obliteration of the posterior culde-sac and utero-rectal adhesions, characterized on MRI by a "teardrop" deformity of the rectum. 34 Such cases may not be suitable for HIFU ablation due to the risk of thermal damage to the rectum. Careful review of pre-procedure MRI images is therefore required to identify extrauterine pathology and assess for increased risk of complications.
Preparation for HiFU
Protocols for patient preparation vary. Some centers use minimal additional measures, while others instigate bowel preparation in the days leading up to the procedure. To avoid bowel injury during treatment and minimize interference with treatment images, bowel loops in the acoustic pathway are pushed away or compressed by placing a degassed water balloon over the abdominal wall of the patient, or a urinary catheter is inserted. 33, 35, 36 Skin preparation including degassing and degreasing are performed immediately before treatment to reduce the risk of skin burns. 35 Some centers use sedation with fentanyl, midazolam, and/or propofol for the procedure.
Studies
A small number of studies have demonstrated the potential for effective ablation of adenomyosis with HIFU. Early studies examined the safety and efficacy of this technique. [36] [37] [38] [39] [40] More recently, the focus has moved to examine the level of reduction of symptoms in treated patients. 33, 35, 41 Treatment adjuncts have also been explored in an attempt to further enhance clinical effectiveness and improve efficiency. 42 As the therapeutic technique is the same for both MR-guided and US-guided HIFU, studies using both guidance methods have been included in this review.
Safety/complications
Complications observed have been predominantly of Society of Interventional Radiology class A (no medical intervention required), with a small number of Society of Interventional Radiology class B (nominal therapy, no consequence). Class A adverse effects have included abdominal pain, mild sciatic/ buttock pain, genital bleeding/increased discharge, and a prolonged next period. 37 Zhang et al 33 reported a slightly increased frequency of abdominal pain (64% vs 71%) and skin reaction (0.8/2.4%) in patients with diffuse adenomyosis compared with those with focal disease.
In their recent large analysis of 346 cases, Lee et al 41 reported a range of more unusual complications, including foot drop (one case), transient unilateral leg weakness (one case), tumor lysis syndrome with transient acute prerenal failure (one case), sleep apnea due to a sedative agent (one case), first degree skin burn (five cases), second degree skin burn (three cases), and transient hematuria (ten cases). 41 There were no permanent sequelae. It has been observed that old surgical scars can predispose a patient to skin burns over the area of the old scar when using HIFU. 35 A novel scar tape has been developed that appears to reduce this risk. 43 
Efficacy
The principle of treatment with HIFU is that reduction in the volume of adenomyotic tissue is presumed to result in alleviation of symptoms, specifically of menorrhagia and dysmenorrhea. Treatment and follow-up protocols generally therefore include imaging to assess the overall uterine volume and volume of adenomyosis pre-and posttreatment, and the nonperfused volume of adenomyosis posttreatment. 36, 41, 42 It is clinically important to correlate this with actual symptom resolution. In order to quantify changes in symptoms, study groups have used recognized scoring systems such as Symptom Severity Score, Uterine Fibroid Symptom and Quality of Life, and Visual Analog Scale for pain. 35, 41, 44 Reduction of tissue Indicators of treatment efficacy include the nonperfused volume ratio (NPVR) immediately posttreatment, and the change in overall uterine volume on later imaging. Objective treatment success is demonstrated by a significant reduction in the uterine volume in several studies, with values from 12.7% to 54%. 36, 37, 41 The NPVR, where reported, ranges from 62.5% to 80.7% 33, 35, 36, 39, 41 (Table 1 ).
Reduction of symptoms
A direct comparison is difficult due to the variation in symptom scales used in individual studies and duration of follow-up, however, all report a significant reduction in both menorrhagia and dysmenorrhea over the 3-36 months posttreatment. Those using the Uterine Fibroid Symptom and Quality of Life report an increase in QOL. 41 Reported symptom reduction ranges from 25% to 83%. [36] [37] [38] 41 Overall clinical effectiveness (defined as any degree of improvement in symptoms) ranges from 79% to 89%, with a significant proportion experiencing complete symptom relief (39%-46%). 33, 35, [38] [39] [40] 42 These effects appear to be sustained for at least 1-2 years 35, 41 (Table 1) .
Two studies have looked at the difference in efficacy between treatment of diffuse and focal adenomyosis. One study demonstrated that the rate of complete relief of dysmenorrhea at 3 months posttreatment was higher in those patients with focal adenomyosis, however, by 12 months no difference was found. There were no other significant differences in efficacy. 33 Another found that the reduction in pain score was greater for focal adenomyosis at 6-month follow-up. 38 
Treatment adjuncts
A recent randomized controlled trial has looked at the use of oxytocin as an adjunct to treatment with HIFU. 42 Research has shown that oxytocin receptors are present on the surface of nonpregnant uterine myocytes, and therefore it was hypothesized that an oxytocin infusion during HIFU treatment would cause contraction of the muscle and thus a reduction in blood flow. 45 This in turn could increase the efficiency of treatment due to improved acoustic energy deposition at the target area. The trial used an infusion at a rate of 0.32 U/min oxytocin in normal saline, with a control arm of saline only.
The results were significant, with the energy efficiency factor (the amount of US energy required for the ablation of 1 mm 3 of lesion) and the sonication time (time for ablating 1 cm 3 of lesion) almost halved in the oxytocin group. The energy efficiency factor was reduced from 15.7±19.5 in the control group to 8.1±9.8 in the oxytocin group, P=0.023. The average sonication time was reduced from 58.1±72.7 seconds in the control group to 30.0±36.0 s in the oxytocin group, P=0.019.
The total treatment time and energy used were similar in both groups, but the resultant NPVR was larger in the oxytocin group (80% vs 70%). However, there was no significant difference in symptom relief at 12-month follow-up between the two groups. There were no observed adverse effects from the oxytocin infusion.
Pregnancy after HiFU
There have now been seven ongoing pregnancies reported after HIFU for adenomyosis, with four deliveries of healthy babies thus far. Three pregnancies had no complications and term vaginal deliveries. 38, 41, 46 One delivery occurred by cesarean section at 32 weeks due to hemorrhage secondary to a major placenta previa. 39 One study has also reported two miscarriages. 41
Discussion
There is currently a lack of effective treatment options for adenomyosis, however, the disease can cause significantly distressing and debilitating symptoms particularly affecting women around the time of menstruation. In comparison with leiomyomata and endometriosis, adenomyosis has received little research attention and the disease process is poorly understood. Unlike myomectomy for leiomyomata, surgical excision of adenomyosis can be technically challenging and may have suboptimal results, as well as implications for 16 This has traditionally left women with options only of symptom management or disease suppression with hormonal agents, or hysterectomy. MRgFUS has been shown to be cost-effective for the treatment of uterine fibroids. 47 To date, there have been no studies to assess cost-effectiveness for the treatment of adenomyosis. This is of importance, if MRgFUS is to be used routinely outside a research setting. The use of treatment adjuncts may be beneficial in this regard as increased efficiency of the procedure could in turn reduce costs, which would make the procedure more competitive when compared with uterine artery embolization (UAE) or hysterectomy. Current candidates for use as adjuncts include oxytocin infusion during the procedure as previously discussed, or preprocedure preparation with a course of gonadotropin-releasing hormone agonists, as has been shown to be effective in enhancing the effect of MRgFUS for leiomyomata. 48, 49 UAE has been used with some success in the treatment of leiomyomata, and more recently has been used for the treatment of adenomyosis. Current UK National Institute for Health and Care Excellence guidance advises that UAE may be offered in the treatment of adenomyosis. 50 The evidence used in development of this guidance suggested UAE was efficacious in the short to medium term in relieving symptoms. These relief rates are comparable to those seen here for MRgFUS. If there is further evidence of a more sustained improvement following MRgFUS, this may become a viable alternative. Information is also needed on the rate of reintervention due to either immediate treatment failure or later symptom recurrence, which will become clear as more patients complete a 3-to 5-year follow-up posttreatment.
There is emerging evidence of successful pregnancy following MRgFUS for adenomyosis, and a significant number of pregnancies have been reported following MRgFUS for leiomyomata. 51 It is difficult to draw firm conclusions from these small numbers, but given that an increase in adverse outcomes has been observed in pregnancies following UAE, it will be important to see whether MRgFUS for adenomyosis results in similar outcomes or whether it is in fact a superior treatment in this respect.
This review has included studies of both US-and MRguided FUS. While the mode of therapy is identical, there may be advantages in the use of MR guidance such as achieving a greater accuracy of ablation. US guidance is likely to be cheaper, however, when considering the cost-effectiveness, it would be important to include, but also discriminate between, both MR and US guidance.
Adenomyosis is a cause of significant morbidity and further work is needed to fully understand the disease and find effective therapies. Recent studies are encouraging, and work on uterine leiomyomata can be usefully translated to further explore treatment options. MRgFUS has been shown to be effective in relieving at least in part the symptoms of adenomyosis. For women who wish to preserve their fertility, it may prove to be a good option. However, due to the very limited numbers of reported pregnancies at present, further evidence is required to reassure clinicians of the safety of the technique before it can be recommended as a fertilitysparing intervention. For women who would be objectively suitable to undergo hysterectomy as an alternative, the cost-effectiveness of the treatment is of more importance and may prove to be a barrier to the general availability of the treatment. Improving the efficiency of the treatment with adjuncts such as oxytocin may be key in making the cost more acceptable and therefore promoting choice for all patients. Further studies, ideally in the form of randomized controlled trials, are needed to compare the effectiveness of MRgFUS with other uterine-sparing therapies such as UAE, and to explore other adjuncts such as gonadotropin-releasing hormone agonists.
